During X chromosome inactivation (XCI), Xist RNA coats and silences one of the two X chromosomes in female cells. Little is known about how XCI spreads across the chromosome, although LINE-1 elements have been proposed to play a role. Here we show that LINEs participate in creating a silent nuclear compartment into which genes become recruited. A subset of young LINE-1 elements, however, is expressed during XCI, rather than being silenced. We demonstrate that such LINE expression requires the specific heterochromatic state induced by Xist. These LINEs often lie within escape-prone regions of the X chromosome, but close to genes that are subject to XCI, and are associated with putative endo-siRNAs. LINEs may thus facilitate XCI at different levels, with silent LINEs participating in assembly of a heterochromatic nuclear compartment induced by Xist, and active LINEs participating in local propagation of XCI into regions that would otherwise be prone to escape.
INTRODUCTION
In mammals, one of the two X chromosomes is transcriptionally inactivated in females (see Chow and Heard, 2009 for a recent review). In placental mammals, X chromosome inactivation (XCI) involves the noncoding Xist transcript, which coats the chromosome from which it is produced and triggers inactivation. Although Xist is essential for the XCI process (Marahrens et al., 1997; Penny et al., 1996) , the molecular mechanisms involved in silencing over 1000 genes across the chromosome remain unclear. With fewer than 2000 molecules of Xist RNA per nucleus (Buzin et al., 1994) , silencing the 150 Mb X chromosome must require some kind of spreading process. Moreover, X:A translocations show different degrees of XCI spread from the X chromosome segment into autosomal DNA, suggesting that specific sequences might facilitate spreading. Gartler and Riggs (Gartler and Riggs, 1983) hypothesized that specific ''way stations,'' which would be particularly enriched on the X, could ensure this spreading function. Lyon proposed that long interspersed elements (LINE-1 or L1) might represent way stations, because they are enriched on the X, compared with autosomes (Boyle et al., 1990) , and because L1 density correlates with the efficiency of XCI spread into autosomal regions in both X;autosome translocations and Xic transgene contexts (Lyon, 1998) . LINEs are autonomous, non-LTR retrotransposons, measuring up to $6-7 kb. Although the majority of the L1 copies in the mammalian genome are truncated at their 5 0 ends and are transcriptionally and retrotranspositionally incompetent, a number of young, full-length LINEs exist in both mouse and human genomes. The activity of these intact elements can lead to de novo somatic and germ line L1 retrotransposition events. Given the potential danger that extensive mobility represents to genome integrity, LINEs are believed to be stringently controlled, particularly in the germ line, by DNA methylation and RNAi mechanisms (Goodier and Kazazian, 2008) . Nevertheless, some mobility of young, active LINEs can be observed during early development (Kano et al., 2009) , in human ES cells (Garcia-Perez et al., 2007) and in cancer cells (Belancio et al., 2008) . Interestingly, young active L1 elements appear to be particularly enriched on the X chromosome, on the basis of bioinformatics analyses, suggesting that their retention may be advantageous for XCI, although this has never been tested experimentally (Abrusan et al., 2008; Bailey et al., 2000) .
Further support for a role for LINEs in XCI comes from the observation that, on the human X, regions containing genes that escape inactivation are relatively L1 poor (Bailey et al., 2000) . Indeed, although the majority of genes are silenced on the inactive X, some genes (''escapees'') are transcribed from both X chromosomes (Yang et al., 2010) . On the human X, up to 15% of X-linked genes escape XCI to some extent (Carrel and Willard, 2005) . Bioinformatics analyses comparing the genome environments of escapees versus genes that are subject to XCI suggests that the XCI potential of specific regions/genes on the inactive X may be mediated by a variety of sequence elements, with some facilitating XCI and others promoting escape (Carrel et al., 2006; Wang et al., 2006) . For example, the escapee Jarid1c has clearly evolved sequences enabling it to resist inactivation whatever its X-chromosomal location (Li and Carrel, 2008) . Some cases of escape could also be due to inadequate inactivation-facilitating sequences and/or the influence of nearby escapees (the bystander effect). CTCFbinding sites have been identified between escapees and inactivated regions and have been hypothesized to play a role in facilitating escape by blocking the spread of inactivation (Filippova et al., 2005) . However, the existence of sequences facilitating spread, as opposed to maintenance, of XCI, particularly in escapee neighborhoods, has not been addressed.
A potential role for repeats in the onset of XCI was recently proposed (Chaumeil et al., 2006) . One of the earliest events in XCI is the creation, by Xist RNA, of a silent nuclear compartment, depleted of RNA Polymerase II (Pol II) and transcription factors. This inner compartment of the Xi was predicted to consist mainly of silent repeats both in the mouse (Chaumeil et al., 2006) and in humans (Clemson et al., 2006) . In differentiating mouse ES cells, genes were found to be located outside the Xist RNA compartment initially, but to move into it as XCI proceeded, whereas genes that escaped from XCI remained external. This demonstrated that escapees and inactivated genes show different nuclear organization and suggested that repeats might play a role in such spatial segregation.
In this study, we set out to investigate the implication of repeats, particularly LINEs, in XCI. We show that silent LINEs participate in formation of the silent nuclear compartment induced by Xist RNA. We also make the surprising discovery that a subset of young, full-length LINEs are transiently expressed from the X chromosome undergoing inactivation and provide evidence that the expression of young LINEs may be exploited, in some regions of the X, to facilitate the local spread of silencing into active regions of the otherwise inactive X chromosome.
RESULTS

Transcription of Repetitive Elements on the X Chromosome during ES Cell Differentiation
Previously, we showed that during early stages of XCI, signals for repetitive transcripts were rapidly lost within the Xist RNA compartment, following Xist RNA coating (Chaumeil et al., 2006; Okamoto et al., 2005) . This analysis involved RNA FISH using a Cot1 DNA probe that contains a mixture of different types of repeats. In the present study, we examined the transcriptional activity of various repetitive elements during XCI by RNA FISH using a combination of probes for Xist and specific repeats, such as SINEs and LINEs, on undifferentiated and differentiating (days 2, 4, and 8-10) female ES cells. SINEs consist of 150-200 bp B1 and B2 repeats, which are enriched in GC-rich, gene-dense regions of the genome. LINEs are up to 6-7 kb in length and are most abundant in gene-poor, AT-rich regions. In undifferentiated ES cells, both SINE-and LINE-derived RNA could be detected from the two active X chromosomes (surrounding the Xist primary transcript signals; Figures 1A  and 1B ). Upon differentiation, rapid loss of SINE transcripts (B1 or B2) was detected within the Xist RNA domain ( Figure 1A) , with kinetics similar to those previously found for Cot1 RNA depletion (Chaumeil et al., 2006) . Transcription of LINEs, investigated with a full-length L1 probe (TNC7), was also lost within the Xist RNA compartment during early (days 2-4) differentiation, with slightly slower kinetics, compared with the SINE transcripts ( Figure 1B , upper and middle panels). DNA FISH with an X chromosome paint, combined with either a SINE or a LINE probe, showed that these sequences are present throughout the X chromosome detected by the paint ( Figure 1C ), but their transcripts are silenced within the Xist RNA-coated portion of the X chromosome early during XCI. However, in addition to this depletion of LINE RNA within the Xist compartment, L1 transcripts were enriched just adjacent to the Xist RNA domain, at day 4 of differentiation ( Figure 1B ). L1 RNA was also detected at the site of the active X chromosome at this stage, in both female ( Figure 1B ) and male (Figure S1A available online) cells. This apparent L1 RNA accumulation on both X chromosomes at day 4 of differentiation might be simply due to the higher density of LINEs on the X compared to the rest of the genome ( Figure 1C ) (Mikkelsen et al., 2007; Waterston et al., 2002) . However, this hypothesis alone is unlikely to account for the phenomenon, because by day 10 of differentiation, when L1 transcript signals showed a global reduction in the nucleus and on the active X chromosome, LINE expression on the inactive X persisted ( Figure 1B) . Furthermore, at this stage of differentiation, L1 RNA accumulation overlapped with the Xist RNA domain, in contrast to the situation at day 4 where it was adjacent to Xist ( Figure 1B ; middle panel). This unusual profile of L1 RNA on the Xi was no longer present in fully differentiated mouse embryonic fibroblasts (MEFs) (Figures 1B and 1D) . Collectively, these results show that the bulk of X-chromosomal SINEs and LINEs are rapidly silenced within the Xist RNA compartment early on in XCI. However, a subpopulation of LINEs is specifically expressed from the inactive X chromosome during later stages of XCI.
Young, Full-Length LINEs Are Transcribed from the Inactive X Chromosome during Late Differentiation Stages in Female ES Cells We next assessed whether the L1 RNA associated with the X chromosome undergoing inactivation was derived from specific full-length LINEs, driven by their own promoters, or from truncated L1s (which usually lack 5 0 promoter regions; Ostertag and Kazazian, 2001 ) lying within other transcription units. Promoter activity of mouse L1 elements lies in tandemly repeated 200 bp ''monomer'' units within the 5 0 UTR. These monomers are distinct between different LINE-1 families ) and can be used as promoter-specific probes that distinguish the three active families of murine L1 elements (Tf-, Gf-, and A-type) by RNA FISH (Figure 2A ). Tfand Gf-type probes detected L1 transcripts on the X at days 4 and 10 of differentiation (Figures 2A and 2B ), but the A-type L1 probe did not (Figure 2A ). At day 10, the Tf-type L1 probe produced the clearest Xi-specific L1 RNA signal ( Figure 2A ). The highly distinct expression patterns detected on the X chromosome using different L1 probes suggested that the transcripts detected on the Xi represent bona fide, active LINEs driven from their own promoters, rather than read-through transcription. These distinct patterns are not simply a reflection of LINE distribution on the X chromosome, as Tf-and A-type LINEs are similarly abundant on the X chromosome (488 and 345 copies, respectively), yet only Tf LINEs show Xi-specific expression. Additionally, there are only 16 Gf LINEs on the X, yet Gf L1 transcripts can be detected from the X chromosome at day 4 (Figures 2A and 2B) . To confirm the origin of the L1 transcripts associated with the X chromosome, expression of a specific full-length, X-linked Tf LINE was investigated by RT-PCR. We chose a Tf L1 element containing a small insertion polymorphism that enabled the design of specific primers (chrX:112364012-112370321, mm9). Using semiquantitative RT-PCR, this X-linked Tf element was found to be expressed in both undifferentiated and early differentiating (day 2) female and male ES cells. However, at days 5 and 10 of differentiation, this Tf L1 element was expressed exclusively in female, and not male cells ( Figure 2C ), consistent with the RNA-FISH results showing Xi-specific expression. Thus, L1 transcripts are indeed X-chromosomally derived. A similar pattern of persistent female-specific expression during differentiation was observed for two different X-linked Gf elements by semiquantitative RT-PCR ( Figure 2C ). Decreased detection of Gf versus Tf transcripts by RNA FISH at day 10 of differentiation was presumably due to the lower copy number of Gfs on the X chromosome. To summarize, X-linked Tf and Gf LINEs show persistent expression from the X chromosome undergoing XCI in differentiating female ES cells.
LINE RNA on the Inactive X Represents Nascent Transcription and Reveals Unexpected Spatial Reorganization of the X Chromosome during ES Cell Differentiation To determine whether the X chromosome-associated Gf and Tf L1 RNAs represent primary X-linked transcripts, or more stable, processed transcripts similar to Xist (estimated half life, 4-6 hr) (Clemson et al., 1998; Sun et al., 2006) , we treated differentiating female ES cells with alpha-amanitin, an inhibitor of initiation and elongation of RNA Polymerase II (Lindell et al., 1970) . Treatment with 30 mg/ml alpha-amanitin abolished primary transcript signals for various genes tested, without compromising Xist RNA coating ( Figure S2 ). Under the same conditions, the X chromosome associated L1 RNA signal disappeared, indicating that this signal likely represents nascent, X-linked transcripts ( Figure 3A and Figure S2 ), though we cannot rule out that L1 transcripts undergo some degree of spread. The LINE transcription detected on the X chromosome undergoing inactivation showed an unusual spatial reorganization during differentiation. At day 4 of differentiation, L1 transcripts were consistently detected adjacent to the Xist RNA domain, whereas at day 8, they appeared to overlap with the Xist domain ( Figure 1B ). To investigate this further, we performed L1 RNA FISH, followed by DNA FISH on the same cells, using X-linked BACs spanning Gf and Tf LINE-rich loci together with an X chromosome paint probe. In day 4 differentiated cells, L1 transcript signals were found to overlap with specific X-linked loci, as expected, but they were located at the periphery of, or even outside, the X chromosome paint signal ( Figure S1B ). This is probably because L1-rich portions of the X chromosome are poorly detected by X paints, as seen when DNA FISH patterns with L1-specific and X chromosome paint probes on metaphase spreads are compared ( Figure S1C ). Thus at day 4, active Tf and Gf LINEs tend to cluster together outside the Xist RNA compartment. However, by day 8 of differentiation, L1 transcripts are seen within the Xist RNA compartment. This is surprising given that the Xist RNA compartment appears to be depleted for RNA Pol II ( Figure 3B ) (Chaumeil et al., 2006) . However, investigation of IF/RNA FISH images in 3D at day 8 revealed that, in some cells, a few foci of RNA Pol II could be detected within the otherwise depleted Xist RNA compartment ( Figure 3C ). We investigated whether these small foci of RNA Pol II might correspond to sites of full-length LINE expression in the otherwise silent compartment. In approximately 50% of cells showing a LINE RNA accumulation on the Xi at days 8-10, the L1 RNA signal overlapped with these small RNA Pol II foci ( Figure 3C ). Importantly, 3D analysis of the L1 and Xist RNA signals revealed that, although they were closely juxtaposed, they rarely overlapped in the majority of cases and were usually mutually exclusive (for example, see Figure 1B and Figure S2C ). Thus, transcribed L1s and Xist RNA occupy different subcompartments of the inactive X chromosome.
Collectively, these results demonstrate that young, active LINEs are transcribed in an alpha-amanitin sensitive manner from the X chromosome as it undergoes inactivation. Transcribed LINEs are initially found adjacent to the Xist RNA domain. Subsequently, LINE transcription occurs from within the Xist RNA compartment and coincides with occasional low-level RNA Pol II within the heterochromatic compartment. This finding suggests that regions containing transcribed LINEs become reorganized on the X chromosome at later stages of XCI or that distinct subsets of LINEs are expressed at day 4 and day 8 of differentiation.
LINE Expression Is Induced by Xist RNA-Mediated Inactivation and Heterochromatin Formation
This activity of LINEs on the inactive X chromosome at late differentiation stages (day 8 or after) was unexpected, given that XCI is thought to be largely complete by this stage (Chaumeil et al., 2006) . Thus, although LINE activity is globally shut down across most of the genome, including on the active X, it is actually maintained in the context of Xist RNA coating and/or the heterochromatic state of the inactive X. To examine whether expression of young LINEs requires Xist RNA-induced silencing during late differentiation, we analyzed male ES cells carrying autosomal Xist transgenes. One line contains a Xist BAC transgene integrated into autosome 17 ( Figure 4A ). Upon differentiation, transgenic Xist RNA coats chromosome 17 in cis. This resulted in an accumulation of LINE transcription on the Xist RNA-coated chromosome 17 at day 8, in 19% of nuclei (n = 57), similar to the situation found for the inactive X chromosome during female ES cell differentiation ( Figure 4A ). No significant LINE RNA accumulation could be detected on the nontransgenic chromosome 17. On the Xist RNA-coated chromosome 17, L1 transcripts were usually intermingled, rather than superposed, with Xist RNA similar to the situation for the inactive X at day 8. The majority of L1 transcripts detected by RNA FISH were Tf derived (Figure 4B and Figure S3A ). Semiquantitative RT-PCR expression analysis of a full-length Tf element on chromosome 17 revealed sustained expression of this element at day 8 in late differentiating Xist transgenic male cells but not in WT male cells (Figure 4C) . This is similar to the situation for X-linked LINEs on the inactive X in females. A second transgenic male ES cell line investigated carries an inducible Xist transgene on chromosome 11 (Wutz et al., 2002) . As with the chromosome 17 integration site, Xist expression on chromosome 11 led to L1 expression on this autosome in differentiating cells ( Figure 4D ). The L1 transcript signals observed were more discrete than those observed for the X chromosome or transgenic chromosome 17, as expected given the lower density of L1 elements on chromosome 11 compared to the X and 17 (chr11 = 3.1 full-length L1/Mb, Chr17 = 4.7 full length L1/Mb, ChrX = 10 full length L1/Mb; UCSC mm9). Nevertheless, this LINE expression was clearly observed only upon Xist RNA accumulation. In conclusion, Xist RNA-induced heterochromatin can trigger young LINE expression, even in an autosomal context.
To test the link between Xist RNA-mediated silencing and L1 transcription further, we analyzed a male ES cell line carrying an inducible, mutant Xist transgene (XistDA) on the X chromosome. XistDA RNA can coat the chromosome in cis and form an RNA Pol II-depleted silent, repetitive compartment, but it is unable to induce gene silencing (Chaumeil et al., 2006; Wutz et al., 2002) . We found that no L1 RNA accumulation could be detected overlapping with the XistDA RNA domain at R8 days of differentiation ( Figure 4E and Figure S4A ). We also examined the effect of expressing a wild-type Xist-inducible transgene on the X, after the time window during which XCI normally occurs at late differentiation stages (Wutz and Jaenisch, 2000) . No L1 transcript accumulation could be detected under these conditions ( Figure 4F and Figure S4B ). Thus, LINE transcription from the inactive X chromosome or from an autosome can occur only in the context of the specific heterochromatic state induced by gene silencing-competent Xist RNA. Importantly, our data also show that chromatin changes such as PcG recruitment, or H3K27me3 and mH2A enrichment, are not sufficient to promote L1 transcription, because these chromatin marks are readily induced in the XistDA mutant (Kohlmaier et al., 2004; Wutz et al., 2002) , in which no Xi-derived L1 transcripts could be detected ( Figure 4E and Figure S4A ). Both Full-Length and Truncated LINEs Can Facilitate Xist RNA-Mediated Inactivation Given the previously proposed role for LINEs in XCI (Abrusan et al., 2008; Bailey et al., 2000; Carrel et al., 2006; Hansen, 2003; Lyon, 1998; Popova et al., 2006) , we investigated whether LINE distribution and/or the presence of particular Tf and Gf L1s might affect silencing efficiency during XCI. We first assessed this hypothesis in an autosomal context, by looking at the kinetics of XCI for genes in the Xist transgenic cell lines described above. Chromosome 17 can be divided into distinct LINE-dense and LINE-poor regions ( Figure 5A ), unlike the X, which shows rather uniformly high L1 density ( Figure 5B ). As expected for an autosome, chromosome 17 Xist-induced gene silencing was generally less efficient than for the X chromosome (Lyon, 1998) . Genes located closest to the Xist transgene showed the most efficient silencing ( Figure 5A ). Indeed, the transgene integration is in a relatively LINE-dense portion of the chromosome. For genes lying further from Xist, the efficiency of gene silencing clearly correlated with the presence of L1 elements (both truncated and full length) in the surrounding genomic region. For example, Lnpep, which is in a relatively LINE-dense region and contains a full-length Tf L1 (L1Md_T) in its intron, shows better silencing than does Pdpk1, which lies closer to Xist but is in an L1-poor environment. Similarly, Eml4 and Foxn2, both of which have full-length Tf L1 elements within their introns, show better silencing than do other L1-deprived genes in their immediate vicinity. One notable exception was Zfand3, which contains a full-length intronic LINE (L1Md_F3) but showed no XCI. This gene lies in the most LINE-poor region of chromosome 17, however ( Figure 5A ), suggesting that the presence of a full-length LINE alone is not sufficient to ensure efficient Xist-induced gene silencing. Thus, the overall L1 density (truncated and full length) of a region also seems to be an important parameter in ensuring efficient XCI. We noted that the Zfand3 gene was strikingly distant from the Xist compartment in interphase nuclei, compared to other silencing-prone genes in LINE-dense regions ( Figure S3B and data not shown). Thus, LINE density might influence the capacity of a gene to be drawn into the silent repetitive Xist RNA compartment.
We also tested gene silencing mediated by the chromosome 11-inducible Xist cDNA transgene (Wutz et al., 2002 ) ( Figure 5C ). As above, genes in L1-dense regions of chromosome 11 show Figure S3 and Figure S4 . more efficient silencing (e.g., Tns3 and Grb10) than do genes in L1-poor regions (e.g., Nipsnap1, Actr2, and Hspa4). Importantly, unlike the chromosome 17 transgene, the Xist transgene integration site on chromosome 11 was in an L1-poor region, and genes closest to Xist did not show efficient silencing. This finding demonstrates that proximity to Xist is not sufficient for efficient XCI and that the presence and density of L1 sequences may play a major role in Xist RNA-mediated silencing efficiency. Taken together, our results suggest that Xist-mediated gene silencing in an autosomal context is facilitated by both the presence of full-length L1s in proximity to a gene and the general L1 density of the region, which may facilitate its relocation into the silent Xist RNA compartment.
Full-Length LINEs and XCI in Regions of the X Chromosome that Are Prone to Escape
We next investigated whether LINEs or any other repeats could be correlated with the kinetics and/or efficiency of gene silencing on the X chromosome. To date, most studies correlating LINE density and XCI have been performed in somatic cells, where only maintenance can be addressed. To assess the impact of LINEs on the efficiency or spread of XCI, we investigated the kinetics of XCI of several genes across the X chromosome during female ES cell differentiation. RNA FISH provides a sensitive, single-cell assay for transcriptional activity, avoiding issues of prolonged mRNA half-life and cellular heterogeneity in gene expression patterns ( Figure 5B ). In agreement with previous microarray data (Lin et al., 2007) , the kinetics of gene silencing across the X chromosome was found to be very variable. Using a systematic bioinformatics approach (see Experimental Procedures and Extended Experimental Procedures) ( Figure S5 ), we correlated the kinetics of gene silencing with the frequencies of different types of repeat elements in the vicinity of the genes examined. Windows of various sizes (10 kb, 100 kb, and 1 Mb) centered on each gene were scored for repeat content (Bailey et al., 2000) . One of the most significant correlations was for the presence of Tf L1 promoter regions in 1 Mb (but not 10 or 100 kb) windows surrounding genes that escape from XCI ( Figure S5 ). One such region (chrX:148167773-149208897 UCSC mm9) contains a known escapee, Jarid1c (Li and Carrel, 2008) , as well as Phf8 and Huwe1, which are expressed and are subject to XCI ( Figure 6A ). Though several full-length L1 elements lie in the 1 Mb region centered on Jarid1c, none is in immediate proximity to this gene ( Figure 6A ). In contrast, Tf LINEs are situated close to Phf8 and Huwe1. Importantly, Huwe1 displays particularly slow XCI kinetics compared to all X-linked genes examined to date ( Figure 5B ) (Patrat et al., 2009) , being silenced only from day 4 onward, which is after the time window (days 0-3) during which Xist RNA is believed to act (Wutz and Jaenisch, 2000) . The proximity of Huwe1 to the escapee Jarid1c could be one explanation for the relatively slow kinetics, which may impose a tendency on Huwe1 to resist the onset of XCI early on. The fact that Huwe1 does eventually become fully silenced at later stages of differentiation (days 4-8), could be the result of the presence of a full-length Tf L1 just 16 kb 3 0 to the gene-a hypothesis strengthened by the fact that Huwe1 silencing occurs during the exact time window that young LINEs are active on the X chromosome ( Figure 1B) . We therefore decided to explore further the possible links between LINE expression and silencing of the Huwe1 gene.
Small RNAs Can Be Detected from Full-Length LINEs and from the Huwe1 Gene during XCI In the course of analyzing deep sequencing data of small (19-30 nt) RNA populations isolated from male and female differentiating ES cells (Ciaudo et al., 2009) , we identified small RNAs that matched known repeat elements annotated in Repbase (Jurka et al., 2005) and represented about 0.7% to 1.9% of the total reads in each library. A large proportion of these repeatderived small RNAs were 19-21 nt in size and were derived from L1 elements ($15% of repeat-derived small RNAs) and in particular from Tf LINEs ( Figure S6A ). Interestingly, many of these L1-derived small RNAs mapped to the promoter regions of both the Gf and Tf elements ( Figure 6B and Figure S6B ). See also Figure S6 .
On the basis of their size and location, these potential endogenous siRNAs may reflect a global RNAi-type mechanism that acts to restrict L1 activity genomewide in ES cells (Horman et al., 2006; Matzke et al., 2007; Tam et al., 2008; Yang and Kazazian, 2006) . In fission yeast and in plants, the transcription of repeats is linked to heterochromatin formation in the context of RNAi-mediated silencing, a dynamic process whereby low levels of double-stranded RNA, produced, notably, by senseantisense transcription from repeats and transposons, enable the production of small interfering (si)RNAs by Dicer-like RNaseIII enzymes. These siRNAs, in turn, can direct heterochromatin formation in cis, which may incur transcriptional silencing of neighboring genes (Irvine et al., 2006; Matzke et al., 2007) . To test whether a similar process might apply to XCI, we searched for small RNAs derived from unique regions on the X chromosome. The most striking small RNA cluster was around the Huwe1 gene, which has an antisense, full-length Tf L1 element lying 16 kb from its 3 0 end. In addition to repetitive small RNAs matching the Tf L1 element, several unique small RNAs, in the 19-21 nt size range, were found emanating from the Huwe1 gene itself ( Figure 6C and Figure S6C ). Most of these small RNAs were in the sense orientation, although some were also antisense. These small RNAs were most abundant in day 5 differentiating female ES cells, precisely during the time window in which Huwe1 undergoes XCI. The frequency of Huwe1-associated small RNA was far lower in male cells, consistent with a link to the XCI process ( Figure S6C ). The exact nature of these small RNAs is unclear, although their discrete size, orientation, and distribution of these small RNAs suggested that they could be siRNAs derived from sense and antisense transcription across the region. Indeed, by RT-PCR, transcription was detected throughout the intergenic region between the Tf L1 and Huwe1, and strand-specific RT-PCR revealed that it was in the antisense orientation ( Figure 6D and Figure S6D ). Therefore, the activity of the Tf LINE during this time window might be responsible for driving antisense transcription across the Huwe1 gene and possibly generating the small RNAs observed. A systematic analysis of small RNA clusters (containing >4 unique hits within 100 kb windows surrounding full-length Gf and Tf elements) revealed that, under our experimental conditions and at the time points analyzed (days 0, 2, and 5), Huwe1 was the only region showing this level of small RNAs.
Taken together, our data suggest that the transcriptional activity of certain young LINEs on the X chromosome undergoing XCI may facilitate the silencing of some genes that might otherwise be prone to escape from XCI. This could occur through antisense transcription, such as in the case of Huwe1. The fact that active Tf and Gf elements are accompanied by the production of small RNAs, with a size and strand distribution typical of siRNAs and the presence of small RNAs in the Huwe1 region, suggests that an RNAi-type pathway may be involved, although clearly other mechanisms cannot be excluded.
DISCUSSION
Repetitive elements are implicated in heterochromatin formation in many systems, but few studies have actually addressed this in the context of XCI. In this study, we show that one of the first steps in the formation of heterochromatin (as defined by Heitz, 1928) on the X is the appearance of silent SINE and LINE repeats within the Xist RNA-coated portion of the chromosome. This occurs prior to gene inactivation. Indeed, we previously showed that genes on the X chromosome are initially located outside this silent Xist RNA compartment, but move into it as they become inactivated (Chaumeil et al., 2006) , whereas genes that escape XCI remain outside. On the basis of our present findings, we propose that the repetitive compartment created by Xist RNA helps to nucleate heterochromatin along the rest of the chromosome via repeat-induced associations. Consistent with this, we find that genes in LINE-poor regions remain at distances far from the Xist RNA compartment and resist Xist-mediated silencing in the context of autosomes carrying Xist transgenes. Conversely, genes in LINE-rich regions show much more efficient silencing and are drawn into the repetitive Xist compartment. The high LINE density on the X chromosome likely provides a helpful environment for nucleating the heterochromatic Xist compartment, as well as for the subsequent heterochromatinization of genes. This repeat-induced heterochromatinization may occur in collaboration with other factors, such as the SATB1 protein, which is implicated in chromosome organization and is critical for Xist-mediated silencing (Agrelo et al., 2009) .
We also report the surprising discovery that a subset of LINEs is specifically expressed from the inactive X chromosome during XCI. The Tf and Gf LINEs showing this unusual pattern of expression are the youngest and most active in the mouse genome (Goodier et al., 2001; Naas et al., 1998) . These LINEs appear to be transcribed from their own promoters, on a genomewide scale, during early ES cell differentiation, but become downregulated as differentiation proceeds, except, specifically, on the inactive X chromosome. We show that Xist-mediated formation of facultative heterochromatin actually promotes transcription of such young LINEs, because their expression is also found on autosomes when heterochromatin is induced by autosomal Xist transgenes in differentiating male ES cells. How these Tf and Gf LINEs are specifically transcribed from facultative heterochromatin and the nature of their differential regulation on the active and inactive X chromosomes remains unclear. The specialized heterochromatin that forms during XCI may recruit factors that promote LINE expression, similarly to the light and rolled Drosophila genes that are specifically expressed from heterochromatin (for review, see Yasuhara and Wakimoto, 2006) . Alternatively, facultative heterochromatin formation may transiently prevent access to silencing factors, such as DNA methyltransferases (DNMTs) that normally target LINEs during development. Indeed, silencing of LINEs and other mammalian transposons requires DNA methylation (Bourc'his and Bestor, 2004) , and there is evidence that in human somatic cells, LINEs on the X chromosome are differentially targeted by DNMT3A and DNMT3B in somatic cells (Hansen, 2003) .
Silent repeats tend to cluster in interphase nuclei, as exemplified by the LINEs and SINEs at the core of the Xist RNA compartment. Our data reveal that expressed LINE repeats are clustered together outside the Xist RNA compartment at day 4 of differentiation. Later on, active LINEs are expressed from within the heterochromatic Xist compartment. The mechanism underlying this change in distribution of expressed LINEs is unclear but could reflect a global change in chromosomal folding. An important implication of these findings is that LINE expression persists in an environment that is largely silent and devoid of RNA Pol II. As discussed above, this implies that young LINE expression may actually be favored by a heterochromatic environment. Transient transcription of LINEs on the inactive X may occur during a specific cell cycle stage, similarly to transcribed heterochromatin in fission yeast, where RNA pol II-dependent S-phase transcription of centromeric heterochromatin has been found (Chen et al., 2008; Kloc et al., 2008) . This would be consistent with the fact that X-associated L1 transcription is detected only in a proportion of differentiating cells, possibly when heterochromatin is exposed to RNA Pol II such as during S phase.
We also provide data linking the LINE expression derived from the X with a role in XCI. The impact of repetitive elements on the expression of nearby genes could be a widespread phenomenon (Faulkner et al., 2009) . We provide evidence that LINE expression may facilitate gene silencing in some regions of the X chromosome. Our survey of silencing kinetics for autosomal genes on two different Xist-transgenic autosomes reveals that L1 density and the presence of young, full-length LINEs in close proximity to a gene correlates well with the efficiency of Xistmediated silencing. This is in agreement with previous analyses on the human X chromosome showing that the presence of young LINEs, within 100-200 kb windows, correlates with XCI status of genes in somatic cells (Abrusan et al., 2008; Bailey et al., 2000) . Ours is the first study to examine the kinetics of XCI relative to the repeat content of the mouse X chromosome. Intriguingly, Tf LINEs were most significantly enriched in megabase domains containing genes that escape from XCI. However, the analysis of one such domain, containing the escapee Jarid1c, revealed that Tf LINEs are located closest to genes that are actually subject to XCI, rather than to Jarid1c itself. In particular, the Huwe1 gene, which lies just proximal to Jarid1c, has very slow XCI kinetics. This may be to the result of Jarid1c imposing a tendency to escape on Huwe1, perhaps by forcing it to remain external to the Xist RNA compartment. Nevertheless, Huwe1 is eventually efficiently silenced. We propose that its silencing may be linked to the presence of a Tf LINE located just 16 kb downstream of Huwe1's 3 0 end, which could drive antisense transcription through the Huwe1 gene. In a situation reminiscent of that found for LINE-driven silencing of a gene in plants (Saze and Kakutani, 2007) , we find that the LINE-driven antitranscription across Huwe1 is accompanied by the appearance of 19-21 nt small RNAs across the gene during the exact time window that it is undergoing inactivation. This could be suggestive of the involvement of an RNAi-type process in the heterochromatinization of this locus. These small RNAs may be symptomatic of transcriptionally active regions within heterochromatic contexts, as observed during S-phase in Schizosaccharomyces pombe (Chen et al., 2008; Kloc et al., 2008) , or in Dicer-independent primal RNAs that are capable of initiating heterochromatin and RNAi (Halic and Moazed, 2010) . Whatever their nature, this represents the first example of small RNAs associated with heterochromatinization of unique sequences on the inactive X chromosome. Putative siRNAs were also detected at the promoter regions of Tf and Gf LINEs, suggesting that an RNAi-dependent mechanism might ensure their silencing in differentiating mouse ES cells. It can thus be speculated that LINEs might help to direct the RNAi machinery to certain regions of the X chromosome. Further studies will however be required to elucidate the link, if any, between the RNAi machinery, the small RNAs we have detected on the X and the XCI process.
In summary, we propose a model whereby LINEs participate in XCI at different levels ( Figure 7) . First, repetitive elements, including silent LINEs, facilitate nucleation of a silent compartment by Xist RNA. The LINE density of a region might then participate in ''drawing'' genes into this compartment during XCI. Second, young, active LINEs that are specifically expressed from the Xi during XCI might facilitate silencing of certain genes. On the basis of our observations for the Huwe1 locus, we propose that this could be via L1-driven antisense transcription into the gene and possible induction of RNAi-type mechanism, although other mechanisms are also possible. Importantly, our model does not evoke an absolute necessity for young LINEs in XCI in general. We propose that LINEs play a facilitating role in certain regions of the X chromosome that may be refractory to early Xist RNA-mediated silencing. Indeed, we believe that combinations of elements can promote silencing or escape and that the kinetics and stability of XCI of different parts of the X chromosome are likely to be dependent on many different types of process (Lin et al., 2007; Wang et al., 2006) .
A role for both old and young LINEs in eutherian XCI would be in agreement with evolutionary considerations. In marsupials, an alternative mechanism of XCI exists that is independent of an Xist gene. Importantly, no significant enrichment of LINEs can be found on the marsupial X chromosome (Mikkelsen et al., 2007) . The evolution of Xist-mediated XCI in eutherians may have been accompanied by a selective pressure to retain LINEs on the X, in order to achieve more efficient dosage compensation for some regions that are prone to escape.
In conclusion, we have shown that LINEs are specifically expressed during the formation of facultative heterochromatin of the inactive X chromosome. Furthermore, we have uncovered a dual role for LINEs in facilitating the efficiency and spread of XCI. The implication of LINEs in XCI provides yet another example of Barbara McClintock's visionary prediction that mobile elements represent not only mutable loci, but also ''controlling elements'' that regulate genes (Martienssen et al., 2005; McClintock, 1956 ).
EXPERIMENTAL PROCEDURES
Cell Culture Female ES cells (LF2, PGK12.1) were grown in feeder-free conditions on gelatin-coated flasks. The XistDA, TX/Y (full-length Xist cDNA transgene), chromosome 11 transgenic line (Wutz et al., 2002) , and chromosome 17 Xist BAC transgenic male ES lines were initially thawed onto feeders and maintained on feeders until differentiation. ES cell lines were cultured as previously described (Chaumeil et al., 2006) . Differentiation was induced by preadsorbing feeders in the case of feeder-dependent ES cells, removing LIF, and applying 100 nM all-trans-retinoic acid (Sigma) in DMEM media containing 10% FBS, and 10 À4 mM 2-mercaptoethanol. Embryoid body differentiations were performed using standard procedures. Transcriptional inhibition was performed using 30 mg/ml a-amanitin (Sigma) for 8 hr in parallel to untreated controls.
RNA and DNA FISH RNA FISH probes include a 19 kb genomic lambda clone (510) to detect Xist. For L1 detection, a full-length Tf element (L1spa) cloned into pBluescript (TNC7; Naas et al., 1998) was used. Specific L1 family (Gf-, Tf-, or A-type L1s) probes were plasmids containing 5 0 UTRs, distinctive for each family.
pRJD804 contains the nonmonomeric region of the L1spa 5 0 UTR (DeBerardinis and Kazazian, 1999), pGf46 contains 1.1 kb spanning the monomers of the Gf element (Goodier et al., 2001) , and the A-type L1 probe contains 906 bp spanning the monomers of the L1Md-A3.6 element. Probes were labeled by nick translation (Vysis) with either Spectrum Red-dUTP or Spectrum GreendUTP following the manufacturer's instructions. For SINE detection, B1 and B2 probes were amplified by PCR ($100 bp) and labeled by random priming (Roche). For gene expression, BAC probes (CHORI) were used (Table S1 ). RNA and DNA FISH were performed as described elsewhere (Chaumeil et al., 2008) . For DNA FISH, cells were denatured in 50% formamide/23 SSC at 80 C for 35 min and rinsed several times in cold 23 SSC prior to overnight hybridization at 42 C. Labeled BAC probes were denatured and competed with Cot-1 DNA (3 mg/coverslip) for 30 min at 37 C. Repeat element probes were used without competition. Preparation of the X chromosome paint probe was performed according to the supplier's instructions (Cambio). After hybridization, the coverslips were washed three times in 50% formamide/ 23 SSC and three times in 23 SSC at 42 C for RNA-FISH and 45 C for DNA-FISH, and then stained with DAPI (0.2 mg/ml). Immunofluorescence RNA-FISH was performed as described previously (Chaumeil et al., 2008) . RNA polymerase II antibody (clone CTD 4H8; Millipore cat# 05-623) was used at a dilution of 1/200.
Microscopy
Images were obtained using a DeltaVision system (Applied Precision) with a 1003/1.35 NA objective (Olympus) and deconvolved using the Softworx software algorithm (Applied Precision, conservative ratio method, 10 iterations).
RT-PCR
Total RNA was isolated from ES cells using Trizol Reagent (Invitrogen) and then DNase-treated (Promega) to remove contaminating DNA. First-strand cDNA was prepared from 5 mg of RNA and random hexamers using Superscript III (Invitrogen) at 42 C for 1 hr. Primer pairs (0.5 mM final concentration) were then used to amplify the sequence of interest using Taq DNA polymerase (Roche). For strand-specific RT-PCR, first strand cDNA was prepared from 2.5 mg of RNA and 2 mM of gene-specific primer in either the sense or the antisense orientation using Thermoscipt enzyme (Invitrogen) at 62 C for 1 hr.
Primer sequences are provided in Table S2 .
Small RNA Library Generation and Annotation Small RNA libraries from differentiating female (PGK12.1) and male (E14) ES were generated and sequenced using a 454 Life Science sequencer. Details of library generation and annotation are described in Ciaudo et al. (2009) . Annotation of repeat sequences was done using Repbase version 13.11. The total number of sequence reads for each time point is as follows: male ES days 0-95, 203; male ES days 2-87, 145; male ES days 5-267, 594; female ES days 0-57, 497; female ES days 2-74, 881; and female ES days 5-201, 858.
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